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INTRODUCTION 
Disruptions that slow the movement of traffic are bound to happen on the highway network from time to 
time.  Recurring congestion, crashes, weather, special events, or even natural disasters have negative 
economic, environmental, and other societal impacts. A resilient system is critical to minimize the effects 
of these events. Transportation agencies implement transportation system management and operational 
strategies for the most common disruptions and prepare, plan, and build for the most extreme 
circumstances. Decisionmakers need valid and reliable data first to know how resilient their system is and 
then to measure the effects of their mitigation strategies.   

 Most related research about resilience in transportation systems concentrates on defining the term 
'resilience' and identifying its properties. A limited amount of literature focuses on resilience quantification 
methodologies. Resilience has a broad array of definitions across many subject areas.  This paper 
considers only those with a transportation perspective. The American Association of State Highway and 
Transportation Officials (AASHTO) and Transportation Research Board (TRB) Transportation & Security 
Summit defined transportation resilience as "the ability of a system to provide and maintain an acceptable 
level of service or functionality in the face of major shocks and disruptions to normal operations" (1). An 
alternative definition offered in academic work is "the ability for the system to absorb the consequences of 
disruptions, to reduce the impacts of disruptions, and maintain freight mobility" (2). Minor practical 
differences between practitioners are expected but the common theme across these definitions is 
recovery after an event.  

There are three dimensions of the resilience of the transportation system from the freight system 
perspective; infrastructure dimension, managing organization dimension, and user dimension (2). Within 
the infrastructure dimension, resilience relates to the ability of the infrastructure to withstand and recover 
from disruptions.  This may also include system behavior during the disruption, such as rerouting traffic 
through the network. The managing organization dimension is related to the infrastructure dimension. The 
properties of freight resilience at an organizational level should include timely information sharing and 
support the quality of information dissemination (3, 2). Transportation agencies have a direct impact on 
these two dimensions, specifically through their engineering, maintenance, and operations programs.  

The third dimension is the user dimension. Users of the system greatly influence the performance and 
resilience of the transportation system. Specifically, from the freight perspective, individual drivers, 
carriers, or dispatchers may make decisions based on the roadway and influence conditions based on 
those decisions.  For example, during disruptions, a dispatcher may continue as scheduled, postpone, or 
reroute shipments. The ability and flexibility in making decisions about postponing, rescheduling, and 
rerouting could greatly facilitate freight resilience. 

There is no standard and well‐accepted method for resilience measurement of highway operations (4). 
The Texas A&M Transportation Institute developed a methodology (5) to measure resilience similar to 
techniques used in disaster recovery (3,6), commonly known as the "triangle method." The 2019 research 
developed a measure called the Resilience Index (R.I.) that quantified the resilience of a dynamic system 
and allowed for comparisons of the infrastructure both temporally and spatially.  The goals of the 2019 
research were: 

 Propose a method to measure the resilience of the transportation system at different scales 
(corridor, network, local, or state‐wide).   

 Use existing data sources, specifically GPSOD and NPMRDS datasets, to align performance 
measures with other traditional travel-time-based performance measures.   



 

 2 

 Dynamically measure the resilience of the roadway system for predictable events (e.g., peak‐ 
periods), semi‐predictable events (e.g., extreme weather), unpredictable events (e.g., crashes).   

 Allow comparisons of corridors with similar geographical and functional class by normalizing the 
input travel time dataset by length.  

This research achieves the same goals as the previous work but makes significant enhancements to the 
methodology.  Specifically, this research: 

 Allows the data to define the various components of a disruptive event, including the 
characteristics of the decay, recovery, and the entire span of the peak period, 

 Substitutes the resilience index with a series of more intuitive and meaningful measures for 
strategy assessment and decision-making.   

This report begins with the methodology section that describes a typical disruptive event and its 
components, the framework for developing resilience scores, the related methodology, and finally, the list 
of measures. The methodology is applied to four case studies, each of which evaluating various 
scenarios or conditions when the approach might be used. Finally, the report ends with a planning 
application where the resilience assessment from each case study is applied to other delay measures. 
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METHODOLOGY 
The resilience of a roadway is assessed using measures derived from two triangles - the decay and 
recovery triangles. Figure 1 shows a typical travel time pattern of disruption for a corridor or network. 
Morning and afternoon peak periods, crashes, lane closures, or other events often demonstrate this 
pattern. The peaks start with normal traffic conditions (free flow), with the travel times profile increasing 
until it reaches its peak. Then, the travel time curve starts to recover, returning toward normal conditions. 
The decay triangle on the left side indicates the first half of the peak – from the start of the disruption 
(TT ) to the peak point (TT ) when travel time is highest. The recovery triangle on the right depicts the 

system's improved performance – from the peak (TT ) to the end of the disruption (TT ).  

 

Figure 1: Depiction of Delay Peak with Decay and Recovery Triangles 

TT  : lowest travel time before the disruption reaches its peak  

TT : lowest travel time after the disruption reaches its peak  

TT : highest travel time at the peak  

TT : travel time at the start of this disruption 

TT : travel time at the end of this disruption 

∆T  : total time from the start of the peak to the peak, also called decay duration 

∆T : total time from the peak to the end of the peak, also called recovery duration  
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Identify the start and end of the peak  

To measure the resilience of a corridor or network, it is crucial to identify the start and end of the peaks. 
However, the beginning and end of the peaks are highly dynamic between regions and on corridors within 
a region. For morning and afternoon peak hours, the start and end times of the peak could be significantly 
different for various locations, different times of the year, or even different days of the week. For incidents, 
the start and end times of the peak depend on numerous factors, including the time of day, the severity of 
the event, and other external influences. Transportation agencies often define a fixed period to define 
"rush hour" to simplify policy, planning, or operational activities. However, measuring resilience requires a 
more precise understanding of the event. Therefore, the first step of this assessment is to derive the start 
and end points from the data.  Figure 2 outlines the framework for processing the data, determining the 
peak, and finally calculating measures. 

 

Figure 2: Resilience Scores Framework 

The following steps document the data processing and analysis using a typical morning/afternoon peak 
pattern as an example.  

1. Download disaggregated NPMRDS data in 5 minutes intervals with null values  

2. Fill NA values by averaging the nearest existing values 

3. Average one or more months data at 5 minutes interval as a typical day 

4. Plot the travel time of the study area based on timestamps (normally, there will be two peaks of a 
typical day) 

5. Set morning peak hour occurring between 6 am to 12 pm 

6. Find the highest travel time (TT ) at this morning interval  

7. Locate the lowest travel time (TT ) between 6 am to the time of peak TT  
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8. Increase the TT  by 5% and find the nearest point on the travel time profile that closes to the 
increased TT  value. This step will give us the travel time of the start of the peak - TT . Its 
corresponding time of the typical day is the time for the start of the peak 

9. Locate the lowest travel time TT  between the time of the peak to 12 pm 

10. Repeat step 8 to locate travel time of the end of the peak - TT  and its corresponding time of the 
typical day is the time of the end of the peak 

11. ∆T  is the time difference between the time of peak and the time of the start of peak 

12. ∆T  is the time difference between the time of peak and the time of the end of peak 

Also shown in Figure 2 are the resilience scores. Table 1 provides the definitions of terms used in 
defining the peaks and the calculated outcomes.   

Primarily, the decay angle and recovery angle represent the intensity of the travel time decay or recovery 
process. The theoretical limits of these measures are 0 and 90. A lower score indicates a rapid 
deterioration or recovery, whereas a higher score indicates a slower deterioration or recovery. More 
research is needed to determine the practical limits of these measures. The decay angle is calculated by 
using the inverse tangent of the ratio of the decayed travel time and decay duration:  

deday angle =  tan (
decayed travel time

decay duration
) 

The recovery angle is calculated by using the inverse tangent of the ratio of the recovered travel time and 
recovery duration: 

recovery angle =  tan (
recovered travel time

recover duration
) 

Decay angle indicates how fast the travel time increases during the decay period, and the recovery angle 
represents how quickly the travel time recovers during the recovery period. Thus, the smaller the angle, 
the more rapid the decay or recovery.  

The other measurements contribute to describing and understanding the whole picture of the resilience of 
the study area. Decay of travel time and recovery of travel time describe the magnitude of the decay and 
recovery process.  

The recovery rate shows whether the study area could recover to the previous state after the interruption. 
If the recovery rate equals 1, that indicates the travel time of the corridor recovered to the last state before 
the disruption. If the value is less than 1, it indicates the travel time does not recover to the previous state 
after the peak hour.  

recovery rate =  
decay of travel time

recovery of travel time
 

The table shows the range of statistics reported in the final results of a resilience analysis, divided into 
four colored sections. The first section has two items – directions and time of a day. The direction of travel 
varies for many commuting corridors and may be significant when dealing with non-recurring events. 
Therefore, it is essential to analyze the resilience of a corridor by direction. If the study area is an area or 
network, the direction item is not applicable. The time of day indicating the disruption types, such as 
morning/after peak hours or certain events. The blue section provides information about the peak; 
including the start, peak, and end of a peak and their corresponding travel times. Next, the orange section 
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is the resilience measurement of the travel time decay duration. The three statistics are the decay 
duration, decay of travel time, and angle of decay. The recovery section is colored green. Along with the 
three statistics comparable to the decay measures, the recovery rate is also reported. The recovery rate 
could be one of the most important resilience scores, as it demonstrates if the study area recovers to the 
previous state before the disruption.  
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Table 1: Definitions of Terms 

Column names Definition 

direction The direction of the corridor 

TOD Morning/afternoon 

Start of Peak Start time of peak 

End of Peak End time of peak 

Time of Highest Peak (h1) Time of the worst point of the peak hour 

Free Flow Travel Time Free flow travel time  

T.T. at peak Travel time of the corridor at the worst point of peak hour 

T.T. at start of peak Travel time of the corridor at the start point of peak hour 

T.T. at the end of peak Travel time of the corridor at the end point of peak hour 

Decay Duration Corridor performance decay duration 

Decay of travel time Amount of travel time increased during the decay duration 

Angle of Decay The angle of the decay triangle 

Recover Duration Corridor performance recover duration 

Recovery of travel time Amount of travel time increased during the recovery duration 

Angle of Recovery The angle of the recover triangle 

Recovery Rate Recovered travel time / decayed travel time 

 

CASE STUDIES 
One benefit of this resilience methodology is that it defines travel patterns and disruptions at a more 
granular level. Transportation professionals can use this information in various ways that may be unique 
to a local situation. Therefore, case studies provide insight into the various uses of this analysis.   This 
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report highlights two cases at a regional level and two focused solely on corridors for real-world 
examples. The regional examples include the Interstate highways in the Denver, Colorado and the El 
Paso, Texas regions. The corridor studies include part of I-495 in Maryland near the District of Columbia 
and I-90 in Spokane, Washington.  

Denver, Colorado 

The study area for the Denver region is the I-70 corridor between I-25 and I-270 (Figure 3). This section 
of roadway is a critical corridor through the metropolitan area and connecting a major industrial area to 
the rest of the nation.  The Colorado Department of Transportation is currently rebuilding the corridor.  

 

Figure 3: Central  I-70 in Denver, Colorado 

 

For this analysis, the corridor is compared to other Interstates in the region (Figure 4). The area includes 
473 TMCs, covering five counties in March 2019. 
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Figure 4: Interstate Highways in the Denver Metropolitan Area 

 

Figure 5 shows the travel time profile for the I-70 Corridor by direction, and Figure 6 shows the travel time 
profile for all Interstate highways in the region. Both profiles demonstrate a typical patetrn with a morning 
and afternoon peak. 
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Figure 5: Travel Time Profile for I-70 

 

 

Figure 6:Travel Time Profile of Interstate Highways in Denver Metropolitan Area 

Table 2 describes the peaks for I-70, and Table 3 presents the peak hour information for interstate 
highways in the Denver area. Region-wide, the morning peak starts at 6:20 am and ends at 9:05 am. The 
worst performance occurs at 7:40 am. The morning peak begins at about the same time for I-70, but the 
similarities stop there. The morning peak lasts about an hour longer on this corridor. A longer peak period 
exists in the afternoon as well on I-70. The afternoon peak (in both directions) begins an hour before the 
region.  The westbound afternoon peak extends more than an hour into the evening, while the eastbound 
peak ends at the same time as the region collectively.  Travel time is not calculated for network-level 
analysis 
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Table 2: I-70 Morning and Afternoon Peak Performances 

direction TOD Start of 
PeakHour 

End of 
PeakHour 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 
(hr) 

T.T. at 
peak 
(hr) 

T.T. at 
start of 
peak 
(hr) 

T.T. at 
end of 
peak 
(hr) 

WESTBOUND Morning 
Peak 

6:20 AM 10:10 AM 8:15 
AM 

0.10 0.22 0.12 0.16 

WESTBOUND Afternoon 
Peak 

1:35 PM 8:00 PM 5:25 
PM 

0.10 0.28 0.17 0.12 

EASTBOUND Morning 
Peak 

6:10 AM 9:55 AM 7:40 
AM 

0.10 0.20 0.13 0.12 

         

EASTBOUND Afternoon 
Peak 

1:25 PM 6:45 PM 4:45 
PM 

0.10 0.21 0.13 0.13 

 

Table 3: Morning and Afternoon Peak Performances for the Denver Metropolitan Area 

TOD 
Start of 
Peak 

End of 
Peak 

Time of 
Highest 
Peak 

Free Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

T.T. at 
end of 
peak 

Morning 
Peak 

6:20 AM 9:05 AM 7:40 AM na na na na 

Afternoon 
Peak 

2:35 PM 6:45 PM 5:15 PM na na na na 

 

Tables 4 and 5 show the resilience measurements for the corridor and region, respectively.  The 
measures are in two parts – the decay period and the recovery period. As discussed earlier, the decay 
period includes the decay duration, amount of travel time decayed, and angle of decay. The recovery 
period includes the recovery duration, amount of travel time recovered, angle of recovery, and the 
recovery rate. Again, the recovery rate is a critical measurement that indicates the study area's ability to 
recover after a disruption.   

In Table 5, for the morning peak, the decay duration of the performance of these interstate highways in 
the Denver area lasts about 1.33 hours. The amount of travel time lost during this decay duration is about 
0.8 hours. As discussed above, I-70 generally has a more extended peak period.  Here we can 
distinguish whether that longer period is concentrated in the decay period or the recovery period.  

The angle of decay in the morning for the region is 28 degrees. In general, a smaller degree indicates the 
decay process is faster. In other words, the deceleration rate of the performance of this corridor is high 
when the angle of the decay is small.  Here, I-70 has an angle of decay of 6 degrees in the westbound 
direction and 7 degrees in the eastbound direction.  Therefore, I-70 deteriorates at a faster rate than the 
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region as a whole.  This difference may be due to its central location, traffic volume, roadway geometrics, 
or other factors still to be studied.  

The recovery rate is an indicator of the resilience of a network in an area or a corridor. This rate shows if 
the network or corridor can recover to its previous performance state after a disruption. In this case, the 
regional recovery rate for morning and afternoon peaks is higher than 1, which indicates the performance 
of the interstate highways in the Denver area performs even better after the peaks than the period before.  
However, when considering I-70 westbound in the morning, the recovery rate is 0.59. In other words, the 
travel time of the corridor recovered only to 59% of the performance before the peak.  

Table 4: Resilience Measures for I-70 

direction TOD Decay 
Duration 

Decay 
of 
Travel 
Time 

Angle of 
Decay 

Recover 
Duration 

Recovery 
of Travel 
Time 

Angle of 
Recovery 

Recovery 
Rate 

WESTBOUND Morning 
Peak 

1.92 0.10 6 1.92 0.06 11 0.59 

WESTBOUND Afternoon 
Peak 

3.83 0.11 12 2.58 0.16 5 1.46 

EASTBOUND Morning 
Peak 

1.50 0.07 7 2.25 0.08 9 1.14 

EASTBOUND Afternoon 
Peak 

3.33 0.08 13 2.00 0.08 8 1.00 

 

Table 5: Resilience Measures for Denver Metropolitan Area 

TOD Decay 
Duration 

Decay of 
Travel 
Time 

Angle of 
Decay 

Recover 
Duration 

Recovery of 
Travel Time 

Angle of 
Recovery 

Recovery 
Rate 

Morning 
Peak 

1.33 0.80 28 1.42 0.94 26 1.17 

Afternoon 
Peak 

2.67 1.13 37 1.50 1.41 19 1.25 
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El Paso, Texas 

The El Paso case study considers a small community with a significant freight corridor. The el Paso 
Region does not have as extensive an Interstate network.  Figure 7 depicts I-10 in the city of El Paso, and 
Figure 8 the county of El Paso. The analysis uses 219 TMCs for March 2019 

 

 

Figure 7: I-10 Corridor in The City of El Paso 
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Figure 8: I-10 Corridor in the County of El Paso 

The travel profiles for the central corridor (Figure 9) and the county-wide corridor (figure 10) show 
traditional morning and afternoon peaks of the interstate highways in the El Paso area. There is also 
another small peak during the late evening.  

 

Figure 9: Travel Time Profile fo I-10 in the City of El Paso 

 

Figure 10:Travel Time Profile for I-10 in the County of El Paso 
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Table 6 contains the general information about the peaks in the region. The morning peak starts at 7:25 
am and ends at 8:05 am. And afternoon peak starts at 3:45 pm and ends at 6:15 pm. As seen in Figure 
10, the morning peak happens relatively quickly, and the afternoon peak lasts relatively longer. Table 7 
offers the same information on the central corridor of interest.  As to be expected in smaller regions with a 
simpler network, the peak periods on the central core and the extended network are more aligned.  

 

Table 6: Morning and Afternoon Peak Performance for the County of El Paso 

TOD Start of 
Peak 

End of 
Peak 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

T.T. at 
end of 
peak 

Morning Peak 7:25 AM 8:05 AM 7:45 AM na na na na 

Afternoon 
Peak 

3:45 PM 6:15 PM 5:20 PM na na na na 

 

Table 7: Morning and Afternoon Peak Performances for the City of El Paso 

direction TOD Start of 
PeakHour 

End of 
PeakHour 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

EASTBOUND Morning 
Peak 

7:20 AM 8:15 AM 7:45 
AM 

0.49 0.59 0.54 

EASTBOUND Afternoon 
Peak 

3:20 PM 6:40 PM 5:20 
PM 

0.49 0.68 0.57 

WESTBOUND Morning 
Peak 

7:25 AM 8:55 AM 7:45 
AM 

0.47 0.60 0.52 

WESTBOUND Afternoon 
Peak 

3:45 PM 6:35 PM 5:25 
PM 

0.47 0.62 0.54 

 

Table 8 shows the resilience measurements for the county, and Table 9 displays the same for the city 
portion of I-10. For the county, the decay duration for the morning peak is short, only 0.33 hours.  This is 
similar to the westbound morning peak, whereas the eastbound peak is 9 minutes longer. When 
considering the afternoon peak, the regional decay duration is 1.58 hours. The local directional decay 
duration is greater, but the eastbound direction is still more significant at 2.00.  

When considering the angles of decay, the city portion of the Interstate has lower numbers, indicating the 
decay happens faster than the Interstate at the county at all time periods.  The morning peak across both 
geographies recovers at a slower rate than it decays.  However, the opposite is true in during the 
afternoon peak when there is a slower decay and a much faster recovery. 
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The recovery rate for the morning peak is less than 1 regionally and in both directions at the city level.  
This means the midday travel times did not fully recover to free flow. The afternoon recovery rates are all 
greater than 1, indicating a greater recovery over the midday travel times.  

Table 8: : Resilience Measures for I-10 (County) 

TOD Decay 
Duration 

Decay of 
Travel 
Time 

Angle of 
Decay 

Recover 
Duration 

Recovery 
of Travel 
Time 

Angle of 
Recovery 

Recovery 
Rate 

Morning Peak 0.33 0.13 18 0.33 0.09 26 0.68 

Afternoon 
Peak 

1.58 0.10 63 0.92 0.15 37 1.49 

 

Table 9: Resilience Measures for I-10 (city) 

direction TOD Decay 
Duration 

Decay of 
TravelTim 

Angle of 
Decay 

Recover 
Duration 

Recovery 
of 
TravelTim 

Angle of 
Recovery 

Recovery 
Rate 

EASTBOUND Morning 
Peak 

0.42 0.05 14 0.50 0.04 21 0.80 

EASTBOUND Afternoon 
Peak 

2.00 0.11 30 1.33 0.13 18 1.19 

WESTBOUND Morning 
Peak 

0.33 0.08 7 1.17 0.07 27 0.87 

WESTBOUND Afternoon 
Peak 

1.67 0.08 30 1.17 0.09 20 1.12 
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D.C. Beltway, Maryland 

The I-495 Beltway circumvents the District of Columbia in Maryland.  It is an essential portion of the I-95 
corridor the carries people and freight up and down the east coast. The Maryland Department of 
Transportation is focused on commercial vehicle crashes on this corridor and the impact these events 
have on the overall system. The analysis considers 66 TMCs for 2019. Figure 11 shows the study 
location for this corridor resilience analysis. Since at a corridor level, it is important to consider the 
directionality. The analysis considers clockwise and counterclockwise flows.  

 

 

Figure 11:I-495, District of Columbia Beltway, Maryland 

Figure 12 shows the travel time profiles of two directions of this corridor. The profile indicates that the 
counterclockwise direction of this corridor has a different travel time performance during the morning peak 
compared with the corridor in the clockwise direction. The performance during the afternoon seems 
similar in both directions.  

 



 

 18 

 

Figure 12:Travel Time Profile for I-495. Maryland 

Table 10 shows the general information about morning and after peaks for two directions of this corridor. 
For the counterclockwise direction, the morning peak starts at 6:45 am and ends at 9:00 am. However, 
the morning peak starts at 6:15 am in the clockwise direction and ends at 9:45 am. The highest peak for 
this is different in both directions as well. For the counterclockwise direction, the morning peak occurs at 
8:15 am. Contrarily in the clockwise direction, the morning peak happens at 7:45 am, 30  

Table 10: Morning and Afternoon Peak Performances I-495 Beltway, Maryland 

direction TOD Start of 
Peak 

End of 
Peak 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

T.T. at 
end of 
peak 

COUNTERCLOCKWISE Morning 
Peak 

6:45 
AM 

9:00 
AM 

8:15 
AM 

0.36 0.48 0.42 0.45 

COUNTERCLOCKWISE Afternoon 
Peak 

1:45 
PM 

7:15 
PM 

5:15 
PM 

0.36 0.65 0.46 0.43 

CLOCKWISE Morning 
Peak 

6:15 
AM 

9:45 
AM 

7:45 
AM 

0.37 0.65 0.46 0.46 

CLOCKWISE Afternoon 
Peak 

2:15 
PM 

7:15 
PM 

5:15 
PM 

0.37 0.65 0.49 0.44 

 

Table 11 presents the resilience measurements by direction of the corridor. The morning peaks  (1.5 
hours ) are shorter for both directions than the afternoon peaks (3-3.5 hours). For counterclockwise flow, 
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the decay in the travel time during the morning peak is minor, comparing with others. This measure 
indicates that the performance of the counterclockwise corridor during the morning peak hour only slightly 
decayed. However, the morning peak of the corridor in the counterclockwise direction has the lowest 
recovery rate among the four recovery rates and the only rate less than 1. That indicates the 
counterclockwise direction of this corridor has the smallest travel time decay, but the traffic maintains at a 
relatively high level throughout the whole morning and is not able to recover during the morning peak.  

Table 11:: Resilience Measures for I-495, Maryland 

direction TOD Decay 
Duration 

Decay 
of 
Travel 
Time 

Angle 
of 
Decay 

Recover 
Duration 

Recovery 
of Travel 
Time 

Angle of 
Recovery 

Recovery 
Rate 

COUNTER 

CLOCKWISE 

Morning Peak 1.50 0.06 28 0.75 0.03 26 0.53 

COUNTER 

CLOCKWISE 

Afternoon Peak 3.50 0.19 22 2.00 0.22 11 1.16 

CLOCKWISE Morning Peak 1.50 0.19 10 2.00 0.19 14 1.00 

CLOCKWISE Afternoon Peak 3.00 0.16 23 2.00 0.21 12 1.31 
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Spokane, Washington 

The community of Spokane is considerably smaller than the D.C. metropolitan area yet is on a 
considerable freight corridor that is vital to the Pacific North West and Intermountain regions. In 2019, the 
community and Interstate freight movement were significantly impacted by wildfires.  This analysis 
included 52 TMCS during September 2019. Figure 13 depicts I-90 in the Spokane region. 

 

Figure 13: I-90 in Spokane, Washington 

Figure 14 shows that peaks of travel time of this corridor effect by the direction and time of a day. For the 
eastbound direction, there is no morning peak. However, for the westbound, the morning peak is more 
significant than the afternoon peak.  This pattern would indicate that commuters move in and out of a 
central location. 
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Figure 14:Travel Time Profile for I-90 in Spokane, September 2019 

As indicated in Table 12 for the eastbound direction, the afternoon peak lasts 3 hours, from 3:00 pm to 
6:00 pm. The free flow travel time is 0.17 hours and the travel time at the morning peak is about 0.30 
hours. For the westbound direction, the morning peak start at 7:15 am and ends at 9:15 am, and the 
afternoon peak starts at 4:00 pm and ends at 5:30 pm. The worst performance during afternoon peaks is 
0.27 hours and 0.20 hours, respectively.  

Table 12:: Morning and Afternoon Peak Performances I-90 in Spokane, Washington 

direction TOD Start of 
Peak 

End of 
Peak 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

T.T. at 
end of 
peak 

EASTBOUND Afternoon 
Peak 

3:00 
PM 

6:00 
PM 

5:15 
PM 

0.17 0.30 0.19 0.19 

WESTBOUND Morning 
Peak 

7:15 
AM 

9:15 
AM 

7:45 
AM 

0.17 0.27 0.20 0.19 

WESTBOUND Afternoon 
Peak 

4:00 
PM 

5:30 
PM 

5:15 
PM 

0.17 0.20 0.19 0.19 

 

Table 13 reports the resilience measurements of this corridor directionally. The westbound morning peak 
has the shortest decay duration, which is about 0.5 hours. The westbound afternoon is about 0.25 hours 
for the recovery duration, which is the shortest among its category. The morning peak at westbound and 
afternoon peak at eastbound has a relatively small angle of decay and angle of recovery. The small 
angles indicate that that corridor could reach its peak and recover back to normal in a relatively short time 
period. The recovery rates are all higher or equal than one. When considering both angles and recovery 
rate, this corridor has a decent ability to handle the disruption and could return back to its normal state in 
a short time period.  

 

Table 13: Resilience Measures for I-90, Spokane 

direction TOD Decay 
Duration 

Decay 
of 
Travel 
Time 

Angle of 
Decay 

Recover 
Duration 

Recovery 
of Travel 
Time 

Angle of 
Recovery 

Recovery 
Rate 

EASTBOUND Afternoon 
Peak 

2.25 0.11 13 0.75 0.11 4 1.00 

WESTBOUND Morning 
Peak 

0.50 0.07 5 1.50 0.08 12 1.15 

WESTBOUND Afternoon 
Peak 

1.25 0.01 43 0.25 0.01 11 1.00 

 



 

 22 

 

Figure 15: Travel Time Profile for I-90 in Spokane, September 2020 

In September 2020, the travel time profile of this corridor had a very different pattern (Figure 15)  than in 
September 2019. There is only one peak on the westbound during the afternoon. There are some minor 
fluctuations in the afternoon for westbound, but the travel time change is small. Thus, these small travel 
time fluctuations are not considered peaks.  

 

Table 14::  Peak Performances for I-90 in Spokane, Washington 

direction TOD Start of 
PeakHour 

End of 
PeakHour 

Time of 
Highest 
Peak 

Free 
Flow 
Travel 
Time 

T.T. at 
peak 

T.T. at 
start of 
peak 

TT at 
end of 
peak 

WESTBOUND Afternoon 
Peak 

7:15 PM 9:30 PM 8:00 
PM 

0.17 0.24 0.21 0.2 

 

Table 15 shows the afternoon peak of the westbound direction occurs late than its normal state. During 
2019, the afternoon peak of westbound is from 4:00 pm to 5:30 pm. In 2020, its afternoon peak was from 
7:15 pm to 9:30 pm.  

Table 15: Resilience Measures for I-90, Spokane 

direction TOD Decay 
Duration 

Decay 
of 

Angle of 
Decay 

Recover 
Duration 

Recovery 
of Travel 
Time 

Angle of 
Recovery 

Recovery 
Rate 
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Travel 
Time 

WESTBOUND Afternoon 
Peak 

0.75 0.03 14 1.50 0.04 21 1.32 

 

During normal conditions, in September 2019, for the afternoon peak at the westbound direction, the 
decay duration is 1.25 hours, and the recovery duration is 0.25 hours. However, in September 2020, the 
decay duration shortened to 0.75 hours, and the recovery duration increased to 1.5 hours. At the end of 
the afternoon peak, the corridor's performance still recovers to its previous state.  Compared to the angles 
of decay of September 2019 and 2020, the decay angle is larger in the normal condition, meaning the 
decay process is slower. In 2020, this decay angle was smaller; therefore, the decay process occurs 
quicker.  
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PLANNING APPLICATION: COST OF TRUCK DELAY 
Researchers looked at the cost of delay caused by the diminished resilience of a corridor for truck traffic. 
A reduction in the resilience of the corridor (either due to high decay rate [low decay angle] or low 
recovery rate [high recovery angle] or a combination of both) can result in a higher value of truck delay 
compared to normal baseline travel conditions. This delay has a direct cost because of the extra time 
trucks spend stuck in traffic, and can potentially cause delayed deliveries, pick-ups, etc., which can lead 
to even higher direct or indirect downstream costs. 

The methodology for calculating the cost of delay consists of two main parts; first, the total delay incurred 
by trucks on the corridor during the analysis period, and second, the value of truck travel time (VTTT). A 
product of these two values gives the direct cost of delay on the corridor for the period of interest. These 
two halves of the calculation are described below, and the results obtained follow. 

Truck Delay 

Calculating the total delay for truck travel on the corridor involves combining truck travel time information 
with truck volume information. Most of the required data were obtained from the National Performance 
Measurement Research Data Set (NPMRDS) and supplemented with results from prior research 
wherever some estimation was required, particularly with respect to truck volume. The steps involved are 
detailed in the following sub-sections. 

Truck Travel Time 

Truck travel time information was obtained from the NPMRDS database. The data were downloaded for 
the analysis period of interest (e.g., time windows with incidents, weather events, work zones, road 
closure, etc.) and a baseline period for comparison, wherever applicable. Traffic Message Channels 
(TMCs) were identified on the NPMRDS network for the corridor length and time windows of analyses 
based on inputs from respective state agencies. Travel time data were aggregated to 15-minute level for 
both delay and Resilience analyses. Delay is measured as the difference between average observed 
travel time and the reference travel time or free-flow travel time. For each roadway segment (TMC) on the 
corridor, the free-flow travel speed is defined by the 85th percentile of weekday overnight (9:00PM-
6:00AM) travel speeds. The length of the TMC divided by this free-flow speed value gives us the free-flow 
travel time, which is used in calculating delay for each 15-minute period of analysis.  

Truck Volume 

To arrive at an estimate of the total truck delay for each 15-minute interval, delay numbers for each such 
period are combined with the truck volume for the respective 15-minute period. Although the NPMRDS 
database does not have truck volume information at a 15-minute aggregation level, it does have truck 
AADT values for each TMC. Researchers explored different state agency databases to find data for truck 
volume or truck volume distribution patterns throughout the day (time-of-day distribution of truck volumes) 
at locations near or on the corridors of interest, such as data from permanent station counters. Such 
information is difficult to find currently, even more so because most permanent volume counting stations 
record data for all vehicles and do not classify volumes for truck-only traffic separately. However, Texas 
A&M Transportation Institute has performed some research that has looked at vehicle speeds and the 
distribution of truck volumes on freeway and non-freeway road segments in urban areas in Texas (7). 
Figure 16 shows the weekday time-of-day distribution of truck volumes on freeway segments at a 15-
minute aggregation level. 
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Figure 16:Time-of-Day Distribution of Truck Volume on Freeways 

These time-of-day distributions are also consistent with findings in previous studies (8,9). The truck AADT 
for each TMC obtained from the NPMRDS database was distributed throughout the day using the volume 
distribution in Figure 16. Based on the direction of peak travel, AM or PM peak volume distribution was 
used. 

Total Truck Delay 

Total truck delay for each 15-minute period of analysis is calculated per equation 1 using the two 
numbers calculated above. 

Total segment truck delay for each 15 minute interval = (Truck delay  ∗

Truck volume) for the 15 minute interval                                                    (7) 

The "Truck delay" values come from the difference between the observed average travel time and the 
free-flow travel for each 15-minute interval, as described in the previous sub-section. The values for 
"Truck volume" are estimated using the time-of-day distribution of truck volumes on freeway segments 
and truck AADT from NPMRDS, as described earlier. 
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The "Total truck delay" for all 15-minute intervals during the analysis period is aggregated to get the final 
value of total truck delay incurred on the segment in both travel directions during the period of interest. 

Value of Truck Travel Time 

There have been several research studies on estimating the value of truck travel time, resulting in a wide 
range of values. The Federal Highway Administration (FHWA) reports (10) that "research on the trucking 
industry shows that shippers and carriers value transit time at $25 to $200 per hour, depending on the 
product being carried. Unexpected delays can increase that value by 50 to 250 percent." This range is 
also supported by research performed on truck traffic in Southern California (11). In 2003, Smalkoski 
conducted interviews in Minnesota using an adaptive stated preference survey to derive a truck value of 
time of $49 per hour (12, 13). Kawamura (14) estimated a value of truck travel time at $28 per hour from 
stated preference data collected in California in 2000. 

In 2006, FHWA reported that the delay cost for trucks in bottlenecks was $32 per hour, which is also the 
value of truck time used by the FHWA Highway Economic Requirements System (HERS) model (15). The 
American Transportation Research Institute (ATRI) survey in 2009 found that the total per-mile marginal 
costs for trucks are $1.73, and the total per-hour marginal costs are $83.68 (16). Similarly, Small et al. 
(17) surveyed motor carriers to quantify the impacts of traffic congestion. Results indicated that motor 
carriers placed a premium of travel time savings during congested conditions of $144.22 to $192.83 per 
hour and savings in late schedule delays at $371.33 per hour. The most recent version of the Urban 
Mobility Report published by the Texas A&M Transportation Institute estimates the value of 2020 travel 
time delay at $20.17 per hour of person travel and $55.24 per hour of truck time (18, 19). The 2010 Urban 
Mobility Report valued truck travel time at $105.67 per vehicle hour for the commercial vehicle total cost 
of congestion, which includes the cost for both lost time and fuel (20). 

This wide range of estimated values of the value of truck travel time is captured in Figure 17 and a trend 
in increase in value of truck travel time is shown in Figure 18. 
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Figure 17:Estimated Hourly Costs of Truck Delay by Source 

 

Figure 18:Estimated Truck Value of Delay Time in Dollars per Hour (1980 to 2020) 

 

These findings illustrate the subjective nature of the value of travel time in general and the value of truck 
travel time in particular. For this analysis, truck travel time was valued at $55 per hour. This value was 
adopted to remain consistent with the 2021 Urban Mobility Report estimates. However, it is anticipated 
that certain regions and corridors might have a higher or lower value of truck travel time than the national 
average estimates, and therefore, these values can be adjusted by the user to reflect local conditions 
better instead of using a national average value, as appropriate. 

Results for Case Studies 

This section discusses results for the cost of delay caused by events that put stress on the travel time 
Resilience of the corridor at the locations studied. Calculations for delay and cost of delay are performed 
for the same time duration as for Resilience analysis explained in the previous sections. Wherever 
applicable, values have been compared to a baseline "normal" delay condition to highlight the effect of 
increased stress on the resilience of the corridor under elevated demand or suppressed supply 
conditions. For such cases, corresponding values in the baseline period and period of interest are 
highlighted in the same color shade for easy reference. 

On I-90 in Washington state, even though the corridor throughput (truck traffic volume) is not as high in 
2020 as in 2019, there is increased total truck delay because of the incident being studied in the first 
week of September 2020. This results in higher cost of delay, as seen in the table above. 
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The event studied in Portland (OR) is a road closure on I-205 in August 2019 and the associated impacts 
on I-5 and I-84. We see that even with marginally lower truck traffic levels (reduced throughput) on I-5 
and I-84 in August, the elevated stress on the resilience of these corridors results in higher levels of total 
truck delay and delay cost. 
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Table 16:Truck Delay and Cost of Delay at Studied Locations 

Direction AM/ PM (Duration) 
Truck Delay 
(hrs) 

No. of Trucks 
Cost of 
Delay ($) 

Cost of 
Delay per 
Mile ($/mile) 

I-90, Spokane (WA): Sep 1, 2019 

Eastbound 3:00PM-6:00PM 10.5        37,499  576 54 

Westbound 7:15AM-9:15AM 6.3        22,268  344 32 

Westbound 4:00PM-5:30PM 5.7        19,103  316 30 

I-90, Spokane (WA): Sep 1, 2020 

Westbound 7:15PM-9:30PM 27.8 13,018  1,529 144 

      

I-495, Washington Metropolitan (MD): Jan 1, 2019 

Counterclockwise 6:45AM-9:00AM 18.1      37,026  997 68 

Counterclockwise 1:45PM-7:15PM 90.2      91,716  4,959 336 

Clockwise 6:15AM-9:45AM 38.5      75,389  2,115 143 

Clockwise 2:15PM-7:15PM 95.0    111,389  5,223 354 

      

I-5, Portland (OR): Jan 1, 2019 

Southbound 1:30PM-7:30PM 26.9         57,155  1,482 508 

Northbound 2:15PM-8:00PM 12.7          51,198  697 239 

I-5, Portland (OR): Aug 2, 2019 

Southbound 3:45PM-6:15PM 284.5          27,221  15,648 5,368 

Northbound 1:30PM-6:15PM 959.2          48,944  52,758 18,097 

      

I-84, Portland (OR): Jan 1, 2019 

Westbound 6:15AM-10:00AM 22.2        33,111  1,221 391 

Westbound 3:30PM-7:00PM 17.0         31,615  934 299 

Eastbound 2:00PM-7:45PM 12.1          28,398  666 213 

I-84, Portland (OR): Aug 2, 2019 
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Direction AM/ PM (Duration) 
Truck Delay 
(hrs) 

No. of Trucks 
Cost of 
Delay ($) 

Cost of 
Delay per 
Mile ($/mile) 

Westbound 6:30AM-9:15AM 179.8 23,179  9,890 3,169 

Westbound 3:15PM-4:45PM 35.5 15,360  1,951 625 

Eastbound 3:00PM-6:45PM 141.9 21,122  7,803 2,500 
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